The significance of conserved cysteines in the human organic cation transporter 2 (hOCT2), namely the six cysteines in the long extracellular loop (loop cysteines) and C474 in transmembrane helix 11, was examined. Uptake of tetraethylammonium (TEA) and 1-methyl-4-phenypyridinium (MPP) into Chinese hamster ovary cells was stimulated Ͼ20-fold by hOCT2 expression. Both cell surface expression and transport activity were reduced considerably following mutation of individual loop cysteines (C51, C63, C89, C103, and C143), and the C89 and C103 mutants had reduced Michaelis constants (Kt) for MPP. The loop cysteines were refractory to interaction with thiol-reactive biotinylation reagents, except after pretreatment of intact cells with dithiothreitol or following cell membrane solubilization. Reduction of disulfide bridge(s) did not affect transport, but labeling the resulting free thiols with maleimide-PEO2-biotin did. Mutation of C474 to an alanine or phenylalanine did not affect the Kt value for MPP. In contrast, the Kt value associated with TEA transport was reduced sevenfold in the C474A mutant, and the C474F mutant failed to transport TEA. This study shows that some but not all of the six extracellular loop cysteines exist within disulfide bridge(s). Each loop cysteine is important for plasma membrane targeting, and their mutation can influence substrate binding. The effect of C474 mutation on TEA transport suggests that it contributes to a TEA binding surface. Given that TEA and MPP are competitive inhibitors, the differential effects of C474 modification on TEA and MPP binding suggest that the binding surfaces for each are distinct, but overlapping in area.
PROXIMAL TUBULAR SECRETION represents an important pathway in the renal excretion of a diverse array of organic compounds carrying a net positive charge at physiological pH (organic cations), including clinically important therapeutics, endobiotics, and environmental toxins (19, 22, 26) . The organic cation transporter 2 (OCT2; SLC22A2) is expressed in basolateral membranes of human renal proximal tubule cells and represents the initial step (cellular uptake) in tubular organic cation secretion (14) . Depending on the prevailing set of electrical and chemical gradients, OCT-mediated transport can occur either via electrogenic facilitated diffusion (i.e., driven by the negative membrane potential) or organic cation exchange (3, 4, 9) . Metformin (antidiabetic), cimetidine (antihistamine), oxaliplatin (anticancer), and amantadine (antiparkisonian) are a few examples of therapeutic substrates of OCT2, and their physicochemical and structural differences highlight the multiselectivity of ligand interaction with OCT2 (11, 12, 15) . Consequently, OCT2-mediated renal proximal tubular secretion is a potential site of drug-drug interactions (5) . A clearer understanding of substrate binding to OCT2 and the translocation process moves toward a priori predictions of the interaction of organic cations as substrates and inhibitors of OCT2.
OCT2 belongs to a larger family of solute carriers (OCT family), which include other OCTs (OCT1 and OCT3), the "novel" organic cation transporters 1-3 (OCTN1-3), and the organic anion transporters 1-5 (OAT1-5). OCT family members have several structural features in common, including 12 putative transmembrane spanning helices (TMHs), intracellular COOH and NH 2 termini, a large extracellular loop between TMHs 1 and 2, and a large intracellular loop between TMHs 6 and 7. Homology models of the three-dimensional structures of OAT1, OCT1, and OCT2 have been generated (20, 21, 27) . Centrally located within these models is a large hydrophilic cleft that is formed by TMHs 1, 2, 4, 5, 7, 8, 10, and 11. The hydrophilic cleft is proposed to contain the substrate binding surface(s) since mutation of several residues lining the cleft has been shown to influence substrate selectivity (6, 7, 20, 21, 27 ).
Previously our laboratory tested the validity of the OCT2 model using membrane-impermeant, thiol-reactive reagents to probe accessibility of cysteine residues from the extracellular space (16, 18) . The human ortholog of OCT2 (hOCT2) contains 13 cysteine residues in its sequence, and based on their relative position in the model, six occur in the long extracellular loop ("loop" cysteines), three in TMHs peripheral to the hydrophilic cleft (TMHs 3, 6, and 9), and four in TMHs that form the cleft (TMHs 10 and 11). Of the 13 cysteine residues, only C451 in TMH 10 and C474 in TMH 11 were accessible from the extracellular space, and these findings were consistent with the placement of these residues in the homology models, i.e., they are in contact with the aqueous phase of the hydrophilic cleft. The presence of substrate in the binding surface rendered C474 less accessible to thiol-reactive reagents, suggesting that it is close to or part of the substrate binding surface. Indeed, the adjacent residue D475 has been shown to be important for substrate binding (7) . Additionally, the refractoriness of the six putative loop cysteines to modification by thiol-reactive probes suggested that they may form disulfide bridges (16, 18) . The six cysteine residues in the extracellular loop of hOCT2 are conserved at homologous positions in all orthologs of OCTs and OCTNs, and four of the six cysteines are conserved in all orthologs of OATs, further supporting the hypothesis that they may be structurally/functionally significant. The present study sought further understanding of structure activity relationships in hOCT2 by determining 1) the influence of loop cysteines on membrane expression and transport kinetics, 2) whether disulfide bridges occur in the long extracellular loop and their functional significance, and 3) the influence of modifying C474 on transport kinetics. The open reading frame of hOCT2 (contained in pcDNA3.1) containing a COOHterminal V5 epitope tag (amino acid sequence, GKPIPNPLLGLDST) was amplified using Platinum High Fidelity DNA polymerase and sequence-specific primers with the following PCR conditions: 35 cycles of 94°C for 1 min, 54°C for 1 min, and 72°C for 3.5 min. A final elongation step of 7 min was included after the last cycle. The PCR product was gel purified and cloned into the pcDNA5/FRT/V5-His TOPO mammalian expression vector. Mutations to the V5-tagged hOCT2 sequence were introduced by site-directed mutagenesis using the Quick Change system following the manufacturer's instructions (Stratagene, La Jolla, CA). Ten different mutant constructs of hOCT2 were used in these experiments. Five of the mutant constructs each had one of the loop cysteines substituted with either an alanine or serine (C51A, C63A, C89A, C103A, and C143S). The "quadruple" mutant had the four cysteines in TMH 10 and TMH 11 converted to alanines (C437A/C451A/C470A/C474A). The "septuplet" mutant had all seven cysteines in the TMHs mutated to alanines (C179A/C282A/ C418A/C437A/C451A/C470A/C474A), leaving only the loop cysteines. Another mutant had an alanine converted to a cysteine at amino acid position 144 on the septuplet background (septuplet/A144C). The final two mutants of hOCT2 had C474 in TMH 10 converted to either an alanine (C474A) or phenylalanine (C474F). Plasmid DNA was prepared using standard methods (Genesee Scientific, San Diego, CA), and sequences were confirmed with an Applied Biosystems 3730xl DNA analyzer at the University of Arizona sequencing facility.
MATERIALS AND METHODS

Chemicals
Cell culture and stable expression of hOCT2. Chinese hamster ovary (CHO) cells containing a single integrated Flp Recombination Target (FRT) site were acquired from Invitrogen and were used for stable expression of wild-type hOCT2 and the mutant constructs. Before transfection, CHO cells were grown in Ham's F12 Kaighn's modification medium supplemented with 10% fetal calf serum and zeocin (100 g/ml). Cultures were split every 3 days. Cells (5 ϫ 10 6 ) were transfected by electroporation (BTX ECM 630, San Diego, CA; 260 V and time constant of ϳ25 ms) with 10 g of salmon sperm, 18 g of pOG44, and 2 g of pcDNA5/FRT/V5-His TOPO containing wild-type hOCT2 or the mutant constructs. Cells were seeded in a T-75 flask following transfection and maintained under selection pressure with hygromycin B (200 g/ml). Cells were used for experiments ϳ21 days after electroporation.
Cell surface biotinylation. The method described here has been described previously (1, 16, 18 ). All solutions were kept ice-cold throughout the procedure, and long incubations were conducted on ice with gentle shaking. Cells plated to confluence in a 12-well plate were initially washed three times with 2 ml of PBS solution containing calcium and magnesium (PBS/CM; containing in mM: 137 NaCl, 2.7 KCl, 8 Na 2HPO4, 1.5 KH2PO4, 0.1 CaCl2, and 1 MgCl2, pH 7.0 with HCl) followed by a single 20-min incubation in either maleimide-PEO 2-biotin (1 mM) or MTSEA-biotin (1 mM) diluted in PBS/CM. These concentrations were chosen since they resulted in a maximum level of hOCT2 precipitation in dose-response studies (data not shown). To probe for disulfide linkages, the cells were treated with DTT (10 mM for 20 min at room temperature) and rinsed quickly (Ͻ30-s total) with three changes (2 ml each) of PBS/CM before biotinylation, as stated above. After biotinylation, the cells were rinsed twice briefly with 3 ml of PBS/CM followed by a 20-min incubation in the same solution. The cells were solubulized in 1 ml of solubilization buffer (150 mM NaCl, 10 mM Tris·HCl, 1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS, pH 7.4) containing protease inhibitors [in M: 200 4-(2-aminoethyl)-bezenesulfonylfluoride, 0.16 aprotinin, 4 leupeptin, 8 bestatin, 3 pepstatin A, 2.8 E-64; Sigma] for 1 h and centrifuged at 15,800 g (4°C) for 30 min to remove insoluble material. Streptavidin-agarose beads (50 l; Pierce Biotechnology) were added to the lysates and incubated overnight at 4°C with constant mixing. After being extensively washed with the above solubilization buffer, 50 l of Laemmli sample buffer containing 5% 2-mercaptoethanol were added, and the proteins were eluted from the beads at 100°C for 5 min.
Biotinylation of solubilized proteins. In some experiments, cells were treated with MTSEA-biotin after membrane solubilization. Briefly, the cells were solubilized on ice for 1 h with gentle shaking in 1 ml of solubilization buffer as described above. The soluble fraction was then exposed for 25 min to 1 ml of MTSEA-biotin (1 mg/ml), diluted in PBS/CM. The MTSEA-biotin was added directly to the wells containing the solubulized cells. After biotinylation, lysates were dialyzed (10,000 MWCO Slide-A-Lyzer dialysis cassette; Thermo Scientific) to remove unreacted MTSEA-biotin. Cassettes hydrated in dialysis buffer (PBS/CM; containing in mM: 137 NaCl, 2.7 KCl, 8 Na 2HPO4, 1.5 KH2PO4, 0.1 CaCl2, and 1 MgCl2, pH 7.0 with HCl) were loaded with 2 ml of lysate and dialyzed for 2 h at room temperature in 600 ml of buffer on a stir-plate with constant cassette rotation. After 2 h the buffer was removed, replaced, and the process was repeated. After the second 2-h period, the buffer was changed and the volume was increased to 800 ml. The final dialysis was completed after an overnight incubation at 4°C. Samples were removed from each cassette, 75 l of streptavidin-agarose beads were added, and the mixture was incubated overnight at 4°C with constant mixing (as above). After extensive washing with the above PBS/CM buffer, 75 l of Laemmli sample buffer (wt/5% 2-mercaptoethanol) were added and the proteins were eluted from the beads at 100°C for 5 min.
Crude membrane preparation. CHO cells grown to confluence in a 10-cm dish were rinsed twice with PBS and scraped from the dish using a cell scraper. The cells were resuspended in 10 ml of PBS and pelleted by centrifugation (230 g) for 10 min at 4°C. The cell pellet was resuspended in 1 ml of lysis buffer (50 mM mannitol, 1 mM tris-base, pH 7.4 with HEPES) by passing it ϳ20 times through a 27-gauge needle. Insoluble cellular material was removed by centrifugation at 100 g for 5 min at 4°C. The supernatant was centrifuged for 30 min at 15,800 g (4°C), and the resulting pellet was resuspended (by vortexing) in lysis buffer. Protein concentration was determined by the bicinchoninic acid method. Crude membrane proteins were diluted to 1-2 g/l in Laemmli sample buffer.
SDS-PAGE and Western blotting. Proteins were separated on 8% SDS-PAGE gels and electrophoretically transferred to a polyvinylidene fluoride membrane. The membrane was blocked for 1 h in blocking buffer [5% nonfat dry milk in PBS-T (PBS containing 0.05% Tween-20)] at room temperature, followed by overnight incubation (4°C) with mouse anti-V5 antibody (0.1 g/ml; Invitrogen, Carlsbad, CA) diluted in blocking buffer. After being extensively washed with PBS-T, the membrane was incubated with horseradish peroxidaseconjugated goat anti-mouse IgG (0.01 g/ml) diluted in blocking buffer. Following extensive washing with PBS-T, the membrane was incubated in SuperSignal West Femto Maximum Sensitivity Substrate (Pierce), and the secondary antibody was detected on high-performance chemiluminescence film (Amersham Biosciences, Buckinghamshire, UK).
Immunocytochemistry. CHO cells grown on coverslips in 12-well plates were washed with PBS (137 mM NaCl, 2.7 mM KCl, 8.0 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.3). All subsequent washes were performed in triplicate at room temperature in PBS. Cells were fixed in ice-cold 100% methanol for 20 min, washed, and incubated for 1 h with mouse anti-V5 antibody (Invitrogen) diluted in PBS (final concentration of 2 g/ml). The cells were washed and incubated for 1 h in the dark with FITC-conjugated goat anti-mouse IgG (Invitrogen) diluted to 2 g/ml in PBS. The cells were washed before staining the nuclei with propidium iodide (5 g/ml in PBS; Sigma) for 10 min. Cells were washed again and the coverslips were mounted onto microscope slides. A confocal microscope (Nikon PCM 2000 scan head fitted to a Nikon E800 microscope) was used for detection of immunoreactivity.
Transport experiments. CHO cells grown to confluence in 12-well plates were rinsed twice with Waymouth's buffer (WB; in mM: 135 NaCl, 28 D-glucose, 5 KCl, 1.2 MgCl2, 2.5 CaCl2, 0.8 MgSO4, and 13 HEPES-NaOH, pH 7.4) at room temperature before transport measurement. Transport experiments were conducted using
]TEA (ϳ5 M) was used in the transport experiments with the mutant loop cysteine constructs. In some cases, transport was conducted in the presence of unlabeled substrate. All transport experiments were conducted at initial rates (30 s), as preliminary experiments showed that uptake of the radiolabeled substrates into cells expressing wild-type hOCT2 was linear for at least 30 s (data not shown). To examine the effect of DTT (10 mM), maleimide-PEO2-biotin (1 mM), or DTT and maleimide-PEO 2-biotin in combination, cells were treated identically as in the cell surface biotinylation assays and rinsed quickly (three times with 2 ml of WB, Ͻ30 s total) before transport measurement. For each of the treatments, including the control, the time spent out of culture media and in WB was identical (40 min). For example, the control cells were put in WB for 40 min before transport measurement, whereas the DTT-treated cells spent 20 min in WB followed by 20 min in WB containing 10 mM DTT before transport measurement. After the uptake period, cells were washed with WB and solubilized in 400 l of 0.5 N NaOH with 1% SDS (vol/vol), and the resulting lysate was neutralized with 200 l of 1 N HCl. Accumulated radioactivity was determined by liquid scintillation spectrometry (Beckman model LS3801). Mediated uptake was calculated from the difference in uptake in the absence vs. the presence of a saturating concentration of unlabeled substrate. Individual transport observations were performed in duplicate for each experiment, and observations were usually confirmed several times in separate experiments using cells of a different passage.
Kinetic analysis of transport. Increasing concentrations of unlabeled substrate reduced the rate of radiolabeled substrate transport by a process adequately described by the Michaelis-Menten equation for competitive interaction of labeled and unlabeled substrate (13) 
where J is the rate of [ 3 H]substrate transport from a concentration of labeled substrate equal to (S*), J max is the maximum rate of transport, Kt is the substrate concentration that results in half-maximal transport (Michaelis constant), (S) is the concentration of unlabeled substrate, and C is a constant representing the component of total substrate uptake that is not saturable over the concentration range tested. This nonsaturable component likely reflects the combined influence of diffusive flux, nonspecific binding, and/or incomplete rinsing of the cell layer.
Statistics. All data are expressed as means Ϯ SE, with calculations of SE based on the number of separate experiments conducted on cells at a different passage number. Paired comparison of sample means was done using unpaired Student's t-test. One-way ANOVA was used to test the effect of multiple treatments and was followed by the Student-Newman-Keuls test for pairwise comparisons. All statistical analyses were performed with GraphPad Prism 5.04 (GraphPad Software) and deemed significant when P Ͻ 0.05.
RESULTS
The conservation of loop cysteines across OCT family members suggests that they are functionally important. To examine the role of each individual loop cysteine, we constructed several mutant constructs (C51A, C63A, C89A, C103A, and C143S) and measured TEA and MPP transport activity and cell surface expression using biotinylation with maleimide-PEO 2 -biotin (Fig. 1) . Numerous attempts to mutate C122 were unsuccessful. Since C474 is readily accessible to maleimide-PEO 2 -biotin (18), and each of the mutant constructs tested had C474 in their sequence, the level of precipitation with maleimide-PEO 2 -biotin was used to approximate cell surface expression. The uptake of MPP and TEA was stimulated 24-and 33-fold, respectively, by expression of wild-type hOCT2 (Fig. 1A) . Uptake of MPP by cells expressing the mutant constructs ranged from 0 to 34% of the uptake into cells expressing wild-type hOCT2, with only the C89A and C103A mutants showing a level of uptake significantly higher than that of control CHO cells. Uptake of TEA by cells expressing the mutant constructs was lower than MPP uptake (expressed as the percentage of uptake into cells expressing wild-type hOCT2), and not significantly different than the level of uptake into control CHO cells. The kinetics of MPP transport by the C89A and C103A mutants, and wild-type hOCT2, were also determined. The K t values for MPP transport by the C89A and C103A mutants were 9.64 Ϯ 3.4 and 10.9 Ϯ 3.7% of the K m value observed for wild-type hOCT2 (n ϭ 3, P Ͻ 0.05). The J max values for MPP transport by the C89A and C103A mutants were 5.93 Ϯ 2.2 and 3.85 Ϯ 1.6% of the J max value observed for wild-type hOCT2 (n ϭ 3, P Ͻ 0.05). The reductions in J max were, at least in part, accounted for by large reductions in the level of plasma membrane expression of the single-cysteine mutants. Compared with wild-type hOCT2, plasma membrane expression of the mutant constructs was undetectable by cell surface biotinylation with maleimide-PEO 2 -biotin (Fig. 1B) . However, the protein was detected in crude membrane preparations prepared from cells expressing each of the hOCT2 constructs (Fig. 1C) . Although wild-type hOCT2 had an apparent molecular mass of ϳ85 kDa, the mutant constructs had a lower apparent molecular mass (ϳ60 kDa; Fig. 1C) . In previous work, the lower molecular weight band was shown to reflect immature protein within the cell (17) .
Previous studies showed that of the 13 cysteine residues in the hOCT2 sequence, only C474 (TMH 11) is accessible to maleimide-PEO 2 -biotin, whereas both C451 and C474 are accessible to MTSEA-biotin (16, 18) . The refractoriness of the loop cysteines to interaction with the membrane-impermeant, thiol-reactive biotinylation reagents led our group and others to suggest that some or all of the loop cysteines form disulfide bridges (16, 23) . To test this hypothesis, we examined thiol reactivity in a mutant of hOCT2 (septuplet mutant) in which all seven of the cysteine residues residing in the TMHs were mutated to alanines, leaving only the six loop cysteines. We also tested thiol reactivity in a mutant (quadruple mutant) that was previously shown to be unreactive toward MTSEA-biotin and malemide-PEO 2 -biotin; the four cysteines in TMH 10 and TMH 11 were converted to alanines in the quadruple mutant (16) . The septuplet mutant was functional, supporting blockable TEA and MPP transport (Fig. 2) , and the quadruple mutant was previously shown to be functional (16) . Both MTSEA-biotin and maleimide-PEO 2 -biotin reacted with wildtype hOCT2 in biotinylation experiments, whereas the quadruple and septuplet mutants appeared unreactive (Fig. 3) . However, pretreatment of the cells with the reducing agent DTT rescued at least some of the thiol reactivity, and from the observed level of immunoreactivity, the reduced loop cysteines were more accessible to maleimide-PEO 2 -biotin than MTSEAbiotin (Fig. 3) . To provide further evidence for the presence of disulfide bridges in the long extracellular loop, an additional cysteine was added to the loop at amino acid position 144 (alanine to cysteine mutation at position 144; A144C). This amino acid is adjacent to the loop cysteine C143. Indeed, the A144C mutation on the septuplet background led to hOCT2 being reactive toward both thiol-reactive biotinylation reagents in the absence of DTT pretreatment (Fig. 4) . Similar to reduced cysteines in the loop, cysteine at position 144 was more accessible to maleimide-PEO 2 -biotin than MTSEA biotin. DTT pretreatment enhanced thiol reactivity in the septuplet/ A144C mutant.
The effect of DTT pretreatment and adding an additional cysteine to the loop was consistent with the presence in the loop of at least one disulfide bridge. To determine whether any of the six loop cysteines do not form bridges, we performed the biotinylation experiments with MTSEA-biotin either before (pre) or after (post) solubilizing the CHO cells containing either wild-type hOCT2 or the septuplet mutant with solubilization buffer (Fig. 5) . As anticipated, MTSEA-biotin reacted with wild-type hOCT2 both pre-and postsolubilization. MTSEA-biotin, however, did not react with the septuplet mutant presolubilization, but did when the biotinylation experiment was carried out postsolubilization. These data suggest that at least two cysteines within the loop have thiol groups that do not contribute to disulfide bridge formation. Two bands (ϳ85 and ϳ60 kDa) corresponding to wild-type hOCT2 and the septuplet mutant were apparent on the Western blots when the biotinylation was carried out postsolubilization.
The long extracellular loop is a feature common to all SLC22A members. Studies using amino acid substitutions (as in Fig. 1 ) and chimeric substitutions to examine the function of the loop have met limited success since many of these manipulations cause intracellular sequestration of the transport protein in living cells (e.g., Refs. 10, 23). Thus, to examine whether alterations to the loop would influence transport function, we took advantage of the fact that disulfide bridge(s) in the long extracellular loop could be reduced and loop cysteine(s) labeled with maleimide-PEO 2 -biotin. The functional significance (TEA transport) of disrupting disulfide bridge(s) and labeling the loop cysteines with maleimide-PEO 2 -biotin was determined in both wild-type hOCT2 and the septuplet mutant (Fig. 6 ). DTT by itself had no effect on TEA transport mediated by the wild-type protein or the septuplet mutant. Consistent with these data, the K t (25.0 Ϯ 1.0 vs. 32.2 Ϯ 4.2 M, P Ͼ 0.05, n ϭ 3) and J max (74.8 Ϯ 14 vs. 79.9 Ϯ 10 pmol·cm Ϫ2 ·min Ϫ1 , P Ͼ 0.05, n ϭ 3) values associated with TEA transport by wild-type hOCT2 were not changed by DTT treatment (20 mM for 20 min). Maleimide-PEO 2 -biotin by itself caused a ϳ50% reduction in TEA transport by wild-type hOCT2, but did not affect the septuplet mutant. These data are consistent with our previous report showing that maleimide-PEO 2 -biotin covalently modifies C474 to cause a ϳ50% reduction in TEA transport activity (18) ; the septuplet mutant has an alanine instead of a cysteine at position 474. Covalent modification of loop cysteine(s) in wild-type hOCT2 (DTT/ MB) caused a slight reduction in TEA transport compared with treatment with MB alone (Fig. 6) . However, the effect of labeling loop cysteine(s) was more pronounced (and the effect significant) in the septuplet mutant, where TEA transport was reduced 44% compared with control (Fig. 6) .
The previous observation that C474 in TMH 11 of hOCT2 is accessible from the hydrophilic cleft and that occupation of the binding surface with substrate renders C474 refractory to interaction with membrane-impermeant, thiol-reactive reagents led to the suggestion that C474 may be part of or close to a substrate binding surface (18) . To test the hypothesis that C474 may influence substrate binding, we mutated C474 to an alanine (C474A) or a phenylalanine (C474F) and examined MPP and TEA transport. The C474A and C474F mutants were expressed at the plasma membrane as assessed by immunocytochemistry (Fig. 7A) . However, TEA and MPP transport were differentially affected by modifications to C474 (Fig. 7B) . The C474A mutant supported both TEA and MPP transport, albeit at a reduced level compared with wild-type hOCT2. Compared with wild-type hOCT2, the K t value for the interaction of TEA with the C474A mutant was reduced sevenfold, whereas the K t value associated with MPP transport was unchanged ( Table 1) . The C474F mutation also exerted markedly different effects on the transport of MPP and TEA; it had no effect on the K t for MPP transport, but abolished TEA transport. Furthermore, covalent modification of C474 significantly reduced TEA transport (ϳ50%), but had no appreciable effect on MPP transport (Fig. 8) . 3 H]TEA (ϳ20 nM) by WT hOCT2 or the septuplet mutant immediately following treatment with DTT, maleimide-PEO2-biotin (MB), or both treatments in combination (DTT/MB). Control cells were placed in Waymouth's buffer (WB) for 20 min, the WB was replaced, and the cells were incubated for an additional 20 min before transport measurement. Cells treated with DTT were incubated in WB for 20 min followed by 20-min incubation in WB containing 10 mM DTT. Cells treated with MB were incubated in WB for 20 min followed by 20-min incubation in WB containing 1 mM MB. Cells treated with MB and DTT in combination were treated with WB containing 10 mM DTT for 20 min followed by 20-min incubation in WB containing 1 mM MB. For each treatment, the cells were rinsed 3ϫ rapidly (3 ml each rinse) with WB between the 20-min incubations and just before transport measurement. *Significantly different from control (n ϭ 3, P Ͻ 0.05; Student-Newman-Keuls test).
DISCUSSION
The hOCT2 sequence contains 13 cysteine residues. Six are in the long extracellular loop while the other seven cysteines reside in putative TMHs. The long extracellular loop is a feature common to all OCT family members, and the cysteines within the loop are highly conserved, suggesting that the loop and the cysteines contained within it are important for OCT2 function. The long extracellular loop may well be expected to influence transport activity given that it resides between TMHs (TMH1 and TMH2) suspected of contributing to the substrate translocation pathway (20, 21, 27) . In fact, data presented here as well as elsewhere suggest that this is the case. In the present study, mutation of C51, C63, and C143 completely abolished MPP and TEA transport. At least some MPP transport was retained following mutation of C89 and C103, whereas TEA uptake was not significantly different from control CHO cells following mutation of these residues. Although the observed reduction in plasma membrane expression was most likely responsible for the general decline in transport activity observed for all loop cysteine mutants, the differential effects on TEA and MPP transport of cysteine modification in the long extracellular loop suggest that the loop can influence substrate binding and/or translocation, as well. Indeed, mutation of C89 and C103 resulted in considerable changes in the K t value for MPP transport (ϳ10-fold different compared with wild-type hOCT2). Additionally, TEA transport by the septuplet mutant was reduced considerably by labeling cysteine(s) in the long extracellular loop with maleimide-PEO 2 -biotin. Chimeric replacement of the long extracellular loop of rat Oct1 with the loop of rat Oat1 caused a decreased affinity of rat Oct1 for MPP (10) . Also, there are three sites of N-glycosylation in the long extracellular loop of OCT2 (N71, N96, and N112), and the K t value associated with TEA transport was about twofold lower following removal of N-glycosylation at each individual site (17) . Moreover, removal of N-glycosylation at N96 caused a threefold reduction in the maximal rate of TEA transport, but did not influence plasma membrane expression, suggesting that N-glycosylation at this site influences transporter turnover number (17) . Together, these data provide support for the contention that the long extracellular loop can influence substrate binding as well as the translocation event.
The dramatic reduction in transport activity following mutation of individual loop cysteines in hOCT2 appeared to be primarily caused by a defect in targeting of the transport protein to the plasma membrane, as cell surface expression was not apparent in the mutant constructs. Consistent with the near loss of membrane expression, the J max value associated with MPP transport by the C89A and C103A mutants, both of which supported modest MPP transport, was reduced ϳ15-to 25-fold. These data are in agreement with those of Brast et al. (2), who used a green fluorescent protein-tagged construct of hOCT2 to show by immunocytochemistry that single loop cysteine mutants are largely retained in the cytosol of HeLa SS6 cells. Plasma membrane expression of mouse Oat1 at the plasma membrane of HeLa cells was also reduced following mutation of conserved cysteine residues in its long extracellular loop (24) . The apparent lack of cell surface expression of the C89A and C103A mutants was not expected given their ability to transport MPP, albeit modestly; the immunoreactive signals were apparently lower than the limit of detection on our Western blots. Interestingly, the mutant constructs of hOCT2 from crude membrane preparations migrated to a lower apparent molecular mass (ϳ60 kDa) on SDS-PAGE gels than wild-type hOCT2. This band has been noted in other studies, but has not been detected by cell surface biotinylation in intact cells, suggesting that it is not expressed at the plasma membrane, but rather, retained in an intracellular compartment (16 -18) . The observation of an immunoreactive band at ϳ60 kDa in biotinylation studies performed on solubilized CHO cells containing wild-type hOCT2 supported this contention. The immunoreactive band with a lower apparent molecular mass likely represents misfolded OCT2 protein (17) .
Previous studies showed that the loop cysteines in hOCT2 are refractory to interaction with maleimide-PEO 2 -biotin and MTSEA-biotin, leading to the hypothesis that they participate in disulfide bridges (16, 18) . Thus, in the present study we tested thiol reactivity in a mutant of hOCT2 (septuplet mutant) that contained only the six cysteines in the long extracellular loop; the other seven cysteines in the sequence were mutated to alanines. Consistent with at least one pair of loop cysteines participating in disulfide bridges, the septuplet mutant was reactive toward maleimide-PEO 2 -biotin and MTSEA-biotin only after pretreatment with DTT. Moreover, thiol reactivity of the septuplet mutant was present when an additional cysteine was placed in the loop (septuplet/A144C mutant). Two recent studies (2, 10) showed that either mutation of cysteines in the long extracellular loop or DTT treatment prevents homooligomerization of rat Oct1 and hOCT2, suggesting that disulfide bridges are necessary for homo-oligomerization. Whereas our data as well as that of Brast et al. (2) and Keller et al. (10) indicate that one or more disulfide bridges exist in the loop of OCTs, data have not been presented as to whether all six cysteines within the loop form bridges. Data presented here indicate that at least two cysteine residues within the long extracellular loop of hOCT2 are not bridged. That is, solubilization of CHO cells rendered the septuplet mutant reactive toward MTSEA-biotin (in the absence of DTT treatment). This was unlikely to reflect breaking of existing disulfide bridges as the bridges involved in homo-dimerization of BCRP are stable in the presence of detergents (2% SDS and 1% Triton X-100) (8) similar to those used in our study (1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS). The three-dimensional structure of hOCT2 apparently places steric hindrance on the accessibility of free thiol groups within the loop to MTSEAbiotin and maleimide-PEO 2 -biotin in intact cells. The loss of membrane expression associated with mutation of individual loop cysteines, along with the corresponding intracellular retention of hOCT2 protein with a lower apparent molecular mass, implies that cysteines in the long extracellular loop are important for stabilizing hOCT2 structure and for targeting of the transport protein to the plasma membrane.
Despite the presence of one (or two) disulfide bridge(s) in the long extracellular loop, and evidence that the long extracellular loop can influence transport function, reduction of the disulfide bridges with DTT (10 mM for 20 min) had no apparent effect on TEA transport by wild-type hOCT2 or the septuplet mutant. Accordingly, the kinetics of TEA transport by wild-type hOCT2 were not affected by DTT treatment, in agreement with the observation of Brast et al. (2) , that DTT treatment (20 mM for 10 min) does not affect TEA binding to hOCT2. Interestingly, they observed a dramatic reduction in hOCT2-mediated Asp ϩ transport following DTT treatment (2). Keller et al. (10) observed a reduction in the K t value associated with MPP transport by rat Oct1 following DTT treatment (10 mM for 6 min). Together, these data suggest that the long extracellular loop has an influence on substrate binding/translocation and that the effects are substrate specific, further supporting the contention that ligand interaction with OCTs involves a complex binding surface, rather than a common binding site.
Cysteine at position 474 in TMH11 of hOCT2 was previously shown to be accessible to several membrane-impermeant, thiol-reactive reagents (16, 18) . Accordingly, C474 was found to be hydrated by the aqueous environment of the hydrophilic cleft in a three-dimensional homology model of hOCT2 structure (16, 18) . Additionally, saturating concentrations of substrate in the hOCT2 binding surface rendered hOCT2 almost entirely refractory to interaction with maleimide-PEO 2 -biotin (18) . These data led to the suggestion that C474 may be close to or part of a substrate binding surface in hOCT2 (18) . Indeed, C474 is adjacent to D475, a residue known to have a profound influence on substrate binding (7) . Highlighting the potential importance of C474 in transport function, this particular cysteine is conserved at a homologous position in all cloned orthologs of OCT1, OCT2, and OCT3. Thus, we mutated C474 to determine its potential functional significance. The cysteine-to-alanine mutation was relatively conservative (the side chains are similar in size), whereas the phenylalanine conversion was less so, as phenylalanine has a bulkier side-chain (it contains an aromatic ring) than either alanine or cysteine. Although the cysteine-to-alanine and cysteine-to-phenylalanine mutations had no effect on the K t value associated with MPP transport, the same mutations markedly influenced TEA binding. Compared with wild-type hOCT2, the K t value for TEA transport was reduced sevenfold in the C474A mutant, and there was no blockable TEA transport in the C474F mutant. To further examine the differential effect on TEA and MPP transport of modifications to C474, we took advantage of the fact that C474 is the only cysteine in the hOCT2 sequence that is accessible to maleimide-PEO 2 -biotin. Consistent with the mutational analysis, covalent modification of C474 with maleimide-PEO 2 -biotin significantly reduced TEA transport, but not MPP transport. These data indicate that the binding of TEA and MPP occurs at different regions within the hydrophilic cleft. The differential effects on TEA and MPP transport of mutation of C89 and C103 in the long extracellular loop provide additional support for this contention. Mutation of the adjacent residue, D475, was associated with a reduction in the K t value for TEA transport by rat Oct1, but did not influence MPP transport (7) . Kinetically, however, TEA and MPP behave as competitive inhibitors of hOCT2 and rat OCT1, implying that they share a common binding site (25) . A rational explanation for these apparent discrepancies is that the binding of TEA and MPP to hOCT2 occurs at distinct regions, which are overlapping in space, and, thus, the binding of TEA and MPP to hOCT2 is mutually exclusive. The effect of C474 modification on TEA binding suggests that it may participate (along with D475) in forming the TEA binding surface. Alternatively, C474 may not directly contribute to forming the TEA binding surface, but rather, influences the ability of TEA to access this region of the hydrophilic cleft. Regardless, these data show that C474 has a profound influence on the binding of select substrates to hOCT2. In conclusion, the data presented here show that the long loop of OCT2, and select cysteines within it, influences membrane expression and substrate binding and that C474 in transmembrane helix 11 contributes to a substrate translocation pathway. These data also highlight that the OCT substrate binding surface contains multiple sites of substrate interaction, which helps explain the multiselective behavior of this clinically relevant transport protein.
